Drugs of abuse induce neuroadaptations, including synaptic plasticity, that are critical for transition to addiction, and genes and pathways that regulate these neuroadaptations are potential therapeutic targets.
Introduction
Multiple lines of evidence suggest that enduring functional and structural plasticity in reward-related brain regions are critical for transition to addiction (1, 2) . Although the entire brain reward circuit is vulnerable to drug-induced functional and structural remodeling (3) , it is relatively well characterized in nucleus accumbens. Functional plasticity broadly refers to changes in intrinsic and synaptic properties of existing synapses whereas structural plasticity includes morphological changes such as dendritic spine class and density alterations (4) . Drug-induced functional plasticity in nucleus accumbens includes changes in intrinsic properties such as firing rate depression, or synaptic changes such as AMPAR-mediated long-term depression (5, 6) . These plasticity events have been shown to facilitate initiation and maintenance of reward-related behaviors (5) (6) (7) (8) .
Along with functional plasticity, repeated drug administration is also thought to facilitate structural plasticity in the mesolimbic circuit. Repeated administration of psychostimulants correlates with increased spine density and dendritic complexity in the nucleus accumbens, ventral tegmental area, and prefrontal cortex neurons (8) . Dendritic spines are actin-rich protrusions of the neural plasma membrane that are major postsynaptic sites of excitatory signaling in the brain and sub-cellular substrate of synaptic and structural plasticity. Perturbations in actin-assembly (9, 10) , -capping (11) , -disassociating (12) , -nucleating (13) and -ADP/ATP exchange (14) proteins affects synaptic and structural plasticity. Previous studies have implicated actin dysregulation in morphine (15) , cocaine (16) , methamphetamine (17) , alcohol (18) and nicotine (19) addiction. Generally, psychostimulant administration correlates with increases in spine numbers, spine complexity, and spine maturity (20) . These structural changes occur through actin-mediated rearrangements (12) . Consistent with these observations, non-muscle myosin IIB inhibitor, which mitigates spine maturation by inhibiting crosslinking and treadmilling of F-actin, has been shown effective in preventing relapse to methamphetamine (21) . Our previous study demonstrated that a point mutation in actin-regulating cytoplasmic FMRP interacting protein-2 (Cyfip2) in mice decreases both acute and sensitized cocaine responses (13) . However, a causal link between structural changes and behavioral effects of repeated exposure to drugs remains controversial (2) . Genetic or pharmacological perturbations of factors that are known to regulate structural plasticity, such as kalirin-7, myocyte enhancer factor-2, and cyclindependent kinase-5, fail to attenuate behavioral locomotor sensitization in mice (22) (23) (24) . Thus, the possibility has been raised that structural plasticity in transition to addiction is an "epiphenomenon" (2) .
The neuron-specific, tropomyosin-dependent pointed end capping protein tropomodulin-2 (TMOD2), stabilizes actin filament by preventing depolymerization and elongation (25) . Four isoforms of tropomodulin (Tmod1-4) are expressed with tissue specificity in mice. Tmod1 and Tmod3 are ubiquitously expressed, whereas Tmod4 and Tmod2 are restricted to muscle and neurons, respectively (26) . Previous studies have established a role for TMOD2 in dendritic arborization (27) and spine maturation (28) . During development, its expression coincides with generation, migration, and extension of cerebrum and cerebellum neurons during the prenatal period (29, 30) . In addition to pointed end capping of actin filament, an in vitro protein interaction study shows actin-monomer binding and strong actin-nucleation activity by TMOD2 (31) . Zoghbi and colleagues were the first to develop and characterize the Tmod2 knockout mice and elegantly showed that its loss leads to novelty-induced hyperactivity, memory deficits in a fear conditioning task, and enhanced long term potentiation at hippocampal synapses (32) . Congruently, recent human GWAS studies have shown that Tmod2 haplotypes are associated with intellectual and cognitive impairments (33, 34) . In human candidate gene studies for addiction traits, Gelernter and colleagues showed that Tmod2 is associated with drug-dependent risk-taking behavior and proposed TMOD2-mediated remodeling of brain areas as a regulator of risky sexual behavior and drug intake (35) . In several transcriptomics and proteomics studies, Tmod2 mRNA and protein levels are differentially modulated following repeated methamphetamine (36, 37) , alcohol (38) , cocaine (39) , or morphine (40) administration in animal models. These studies led a meta-analysis to suggest Tmod2 is an addiction candidate gene (41) .
However, to date, there has not been a study that directly investigates a causal role of Tmod2 in addiction phenotypes and provides mechanistic insights into its function in the reward circuit.
Based on recent human genetic data and our mining of the Knockout mouse project (KOMP) behavior phenotype data, we hypothesized that Tmod2 is a regulator of addiction-related phenotypes. To test this, we carried out detailed addiction phenotype characterization for cocaine responses and find that sensitized response and intravenous self-administration (IVSA) acquisition are diminished in Tmod2 knockout mice.
Imaging and genomics data show reduced brain size but no major perturbances in gene co-expression networks, respectively. Finally, a detailed characterization of the intrinsic properties of cortical and striatal neurons at postnatal and adult stages show enhanced excitability. Synaptic events that are hallmarks of cocaine-induced synaptic plasticity in the nucleus accumbens medium spiny neurons are missing in the knockouts. Together, our data provide compelling evidence that the actin-regulating gene Tmod2 plays a critical role in cocaine-induced behavioral adaptations that are critical for transition to addiction.
Results

Addiction-predictive behavior assessment using data in KOMP repository
A large body of literature suggests common underlying neurobiological pathways between addiction traits and other behavioral traits. Behavioral traits such as anxiety, novelty seeking, stress, and impulsivity, are predictive of alcohol-and drug-related phenotypes in humans and rodents. In humans, epidemiological studies show comorbidity between addiction phenotypes and sensation-seeking, impulsivity, and anxiety (42) . These human studies are consistent with studies in experimental animals indicating that sensation seeking, novelty preference, and impulsivity predict psychostimulant self-administration (43) .
Since KOMP uses metadata splits which can create imbalanced classes of controls and mutants, we reanalyzed the existing data using local controls (44) . We analyzed the Tmod2 phenotype data present in the public domain through the KOMP repository. Data from Tmod2 knockout (n=16) and WT mice (C57BL/6NJ; n=68-92) that were tested concurrently ± 3 days were used for all the analyses. We specifically analyzed the results obtained from open field assay (OFA), light-dark box assay (LD), hole board (HB), paired-pulse inhibition test (PPI), and rotarod test (RR). All data are included as supplementary materials ( Supplemental Table S1 ).
Hyperactivity and low anxiety in novel environment
Open-field behavior measures general locomotor activity, exploratory drive, anxiety-related behavior, and habituation learning. The mice were allowed to explore the open field arena, undisturbed, for 20 min and the activity was statistically compared in four, 5 min bins ( Fig 1A1) . Tmod2 KO mice exhibit general hyperactivity that persisted for 20 minutes with a sign of habituation as seen by the bin-to-bin decline in distance traveled in 20 min. Tmod2 KO mice show persistent hyperactivity compared to WT with increased number of breaks in all four, 5 min bins ( Fig 1A1, genotype, F(1,328)=180, p<0.0001; time-bins, F(3,328)=22.43, p<0.0001; genotype X time-bins, F(3,328)=10.05, p<0.0001). Consequently, total time spent mobile was also significantly elevated in Tmod2 KO ( Fig 1A5, t=7 .973, p<0.0001). Tmod2 KO mice spend more time in the center ( Fig 1A3, t=6 .662, p<0.0001) and exhibit increased percent locomotor 7 activity in the center of open field arena representing lower anxiety levels compared to WT (Fig 1A2, t=10.1, p<0.0001). Rearing, a risk assessment and investigative behavior (45) , was reduced in KOs ( Fig   1A4, t=2 .055, p=0.0431). Therefore, the behavioral assessment of Tmod2 KOs in an open field suggests a novelty-induced locomotor activity with decreased anxiety levels and diminished risk assessment or an increased propensity for risk-taking behavior.
Low anxiety and risk taking behavior towards aversive context
Behavioral assessment was carried out in a standard light-dark box with 2 zones with different light intensity. A brightly lit area is aversive and mice prefer the dark side. Exploration of the light side, as measured by the amount of time in the dark compared to the light side and the number of transitions between the two sides, is a form of risk-taking and anxiety behavior (46) . Tmod2 KO spent significantly less time in dark compared to WT ( Fig 1B1, t=3 .72, p=0.0004) and had a greater number of transitions between light and dark zone ( Fig 1B2, t=3 .382, p=0.0011). This assay provides complementary evidence of the noveltyinduced hyperactivity, increased risk-taking, and low anxiety behavior in Tmod2 KO that was seen in the open field assay.
Intact general exploratory behavior, sensory motor gating, and motor coordination and learning
Even though Tmod2 KO appears to be hyperactive and less anxious in a novel environment, other parameters such as general exploration, sensory-motor gating, and motor learning are intact. General exploration is measured using the hole-board apparatus that consists of a floor with multiple holes (16 in total) and elicits an exploratory head-dipping exploratory behavior. Total head dips in a 20 min window were found to be comparable in Tmod2 KO and WT ( Fig 1C, t=0 .06607, p=0.9475), indicating no deficits in general exploration behavior in Tmod2 KO.
Sensory-motor gating is measured using paired-pulse inhibition protocol. This behavioral assay was carried out in a sound-attenuated chamber. Startle response amplitude ( Fig 1D1, t=0 .4508, p=0.6534) and percent inhibition to an increasing levels of pre-pulse sound prior to aversive sound stimuli were comparable in KOs and WT ( Fig 1D2, genotype, F(1,240)=1.17; p=0.2805; sound intensity, F(2,240)=80.02, p<0.0001; genotype X sound intensity, F(2,240)=0.6452, p=0.5255), indicating unperturbed sensory motor gating in Tmod2 KO. Effects of Tmod2 deletion on motor-learning and coordination was assessed using the rotarod test. In this test, motor-learning is tested by calculating mean latency to fall in 5 consecutive trials on accelerating cylindrical rod. Tmod2 KO mice show no deficits in motor learning tasks and their performance is comparable to their WT counterparts ( Fig 1E, t=0 .206, p=0.8373).
Decreased body weight which is slightly biased towards loss of lean mass
KOMP phenotyping pipeline also collects weekly measurements of body weight between 5 th -18 th weeks of age. Tmod2 KO males and females show a significant decrease in body weight relative to WT that is more pronounced in late adulthood (10-12 weeks of age) ( Fig 1F, Fig S1E, t=2 .437, p=0.017), suggestive of decreased fat mass ( Fig S1F, t=1 .719, p=0.0893) and a significant reduction in body length ( Fig S1D, t=4 .43, p<0.0001) in Tmod2 KO. Therefore, an age-dependent decrease in body weight in Tmod2 KO is due to a modified lean vs fat mass ratio and hindered overall body growth or a combination of both. These data indicate that the Tmod2 KO mice are approximately 22-28% smaller starting at 10-11 weeks of age. Although smaller, these mice had no overt phenotype(s) and did not show any signs of illness or poor health. Combined, KOMP data demonstrate specific behavior signatures in Tmod2 KO that have been shown previously to be predictive of addiction (43, 47) , while several other parameters were found unchanged when compared to WT counterparts (see also Supplementary Fig S1) .
Comprehensive phenotyping for addiction-relevant behavior
Based on KOMP results we generated a Tmod2 KO colony and carried out addiction phenotyping. Prior to any behavioral analysis, we confirmed that TMOD2 was absent through western blot analysis. The results confirmed the absence of TMOD2 protein in the mutant's cortical punches (Fig 2A) . In addition, later genomics analysis showed reduced levels of Tmod2 transcript ( Fig 3D) .
Unaffected acute response to low and high doses of cocaine
Separate groups of WT and KO mice were acutely injected with cocaine (10 or 20 mg/kg) and their locomotor response was analyzed 30 min before and 1h following injections. (Fig 2B-C) . For statistical comparison, the net locomotor response was calculated by subtracting the total locomotor activity in a 30 min period following cocaine injections with the locomotor activity during 30 min baseline. Net locomotor response was comparable between mutants and WT for both doses of cocaine indicating that the neural circuits that evoke acute drug-induced locomotor response is intact in Tmod2 KO ( Fig 2D, 
Cocaine-induced behavioral sensitization is impaired in Tmod2 KO
Repeated administration of psychostimulants such as cocaine evokes behavioral sensitization -a progressive and persistent amplification of locomotor response to the same dose of the drug. Sensitization is a hallmark of many drugs of abuse and is due to neuroadaptations in the reward circuit (48, 49) . Although it is only partially predictive of self-administration, a sensitization paradigm is often used to gauge plasticity in the mesolimbic circuit (50) . Our sensitization protocol consists of once-daily injections of saline for 4 consecutive days (test day 1-4), followed by 6, non-contingent, cocaine injections (15mg/kg, test day 5-10) and a saline injection on test day 11 ( Fig 2E1) . Since sensitization has been shown to be long-lasting (51), we carry out a cocaine challenge on test day 17 and 24, a period of 1 or 2 weeks later. Repeated administration of cocaine resulted in progressive amplification of locomotor responses in WT mice ( Fig   2E1) . Intriguingly, Tmod2 KO had a significant attenuation of the cocaine-induced sensitization response compared to WT ( Fig 2E1, genotype, F(1,806)=252, p<0.0001; drug, F(12,806)=51.42, p<0.0001; genotype X drug, F(12,806)=11.34, p<0.0001). Tmod2 KOs show slight sensitized responses to the first three cocaine injections (day 5-7) with an increase in locomotor activity, but from the 4 th day onwards (day 8-10) and on cocaine challenge days (day 14 and 24), no further escalation in locomotor activity was observed ( Fig 2E1) .
It is worth noting that a weak, drug-induced sensitization response is exhibited by Tmod2 KO on day 5-7 with an early-achieved ceiling effect that stabilizes locomotor response from the 8 th day onwards and persists for rest of the protocol. Post hoc analysis confirmed the absence of any locomotor differences between mutant and WT to acute cocaine administration ( Fig , these anxiety parameters are comparable in both the genotypes, indicating an amplified habituation response to a less novel, familiar environmental context in Tmod2 KO. This analysis demonstrates that the hyperactivity in Tmod2 KO is a specific response towards environmental novelty that is only seen on the first day of the open field test and is not due to general hyperactivity. Thus, habituation, a form of nonassociative learning is preserved and perhaps increased, in Tmod2 KO. Combined, these data suggest that experience and pathway-specific neuroadaptations that mediate habituation are functional in Tmod2 KO, while specific deficits are seen in neuroadaptations that mediate behavioral sensitization.
Failure to acquire cocaine self-administration
Although locomotor sensitization is an established model of drug-induced plasticity and neuroadaptations, it is only partially predictive of voluntary drug intake (50) . Goal-directed behavior and motivation to procure drug is conventionally tested by intravenous self-administration assay (IVSA), the gold standard technique in the addiction field (55) . Therefore, we assessed cocaine acquisition and dose-response in Tmod2 KO and WT using the IVSA paradigm.
To assess cocaine IVSA performance, we performed repeated measures or one-way ANOVA using the number of lever presses or number of infusions as dependent measures. Genotype (Tmod2 KO, WT) and sex were between-subject factors. Session (day 1 -5) was a within-subjects factor. When lever presses were used as the dependent measure, lever (active, inactive) was used as a second within-subjects factor. WT mice rapidly learned to lever press for cocaine ( Figure 2F ) as indicated by a significant increase in active lever presses across sessions (day 1 vs day 5: p = .05) and a significant dissociation between the active and inactive levers (active vs inactive on s5: p = .002). In contrast, Tmod2 KO mice failed to acquire cocaine infusions as indicated by a failure to significantly increase active lever presses across sessions (day 1 vs day 5: p = 0.67) and a failure to dissociate between the active and inactive lever (active vs inactive on day 5: p = 0.82). This lever pressing pattern resulted in WT mice infusing significantly more cocaine across the first five sessions relative to Tmod2 KO mice ( Fig 2F inset, p<0 .05). Lever pressing was mediated by strain and lever as indicated by significant main effects of strain [F (1, 26) = 5.00, p = .03] and lever [F (1, 26) = 12.84, p = .001], as well as a significant strain X lever interaction [F (1, 26) = 4.64, p = .04]. Interestingly, active lever press were comparable on day 1 indicating that general exploration and responses to operant cues are able to evoke behavior directed to the levers in Tmod2 KO. However, either neutral or aversive outcome of active lever press rapidly extinguishes the future responses towards the active lever.
Comparison of WT and Tmod2 KO mice for cocaine IVSA was limited to the acquisition phase because WT mice stabilized at the 1.0 mg/kg/infusion acquisition dose and advanced to the dose-response curve stage by session five. Tmod2 KO mice were tested for a total of 24 sessions ( Fig 2F) to test if they could learn to acquire cocaine if sufficient exposure was provided. During these 24 sessions, Tmod2 KO mice failed to significantly increase response on the active lever and failed to dissociate between the active and inactive lever as indicated by nonsignificant main effects of lever (p = 0.95) and session (p = 0.24) as well as a nonsignificant lever x session interaction (p = 0.33). Since the mice failed to acquire, cocaine IVSA testing was terminated for Tmod2 KO mice after session 24. IVSA results demonstrate that the dose which is reinforcing to WT mice is not reinforcing to KO mice and indicates either general reward deficits, learning deficits in an operant task, or both. Additionally, modified cocaine metabolism could also contribute to lack of acquisition and low locomotor sensitization in Tmod2 KO.
Intact motivation towards natural reward
In order to investigate the responsivity to natural reward and to rule out a general deficit in reward-based learning, we subjected mice to a two-bottle sucrose preference test. Both strains show comparable motivation and preference towards 4% sucrose solution provided in the sucrose preference test ( Fig 2G,   t=1 .055, p=0.3108). Therefore, inability of Tmod2 KO to self-administer cocaine is not because of a general deficit in reward-sensing and responding neural circuitry.
Cocaine metabolism is unaffected in Tmod2 KO mice
In vivo cocaine metabolism is an important determinant of its pharmacokinetics and tissue bioavailability that could modulate a drug-induced addiction-like phenotype. To test cocaine metabolism in these mice we carried out a biochemical analysis for primary cocaine metabolite benzoylecgonine (56) by injecting mice 13 with cocaine (20mg/kg) and collecting blood from the submandibular vein at 0, 10, 30, 60, and 120 min following injections. No significant differences in the level of the cocaine metabolite, benzoylecgonine, was observed between Tmod2 KO and WT mice for any of the sampled time points, indicating that cocaine metabolism is not affected in these mutants ( Fig 2H) .
Delayed learning ability in operant assay
Since Tmod2 has previously been shown to regulate learning and memory deficits in mice (32) and has been linked to intellectual deficits in human GWAS studies (33, 34) , we tested whether the KO mice were capable of learning an operant task. Operant conditioning relies on associative learning and therefore the impairment to acquire cocaine in the IVSA paradigm could be due to learning deficits. We investigated operant learning in Tmod2 KO mice for palatable food reward as a reinforcement stimulus. Tmod2 KO mice took significantly more number of trials to learn the association between active lever and palatable food reward, and to discriminate between the active and inactive lever ( Fig 2I1) . In contrast, WT mice learned to discriminate between the active and inactive lever by the end of day 1 and demonstrates stronger associative learning than Tmod2 KOs ( Fig 2I1, genotype & lever, F(3,242)=117.9, p<0.0001; day, F(9,242)=0.7612, p=0.6525; genotype & lever X day, F(27,242)=1.347, p=0.1244). In Tmod2 KO, statistically significant discrimination between the active and inactive lever emerges on day 8, and from day 7 onwards, active lever presses by KO and WT are comparable ( Fig 2I1) . Surprisingly, operant efficiency (number of sucrose pellets obtained divided by total number of active and inactive lever press) was slightly better in Tmod2 KO. We hypothesize that this is due to compulsive lever pressing by WT mice during initial trials ( Fig 4F1, day 1-5 ) which ignore the 20 s timeout period between two successful (paired with reward) active lever presses (Fig 2I2, genotype, F(1,115) =19.37, p<0.0001; day, F(9,115)=0.7663, p=0.6477; genotype X day, F(9,115)=1.554, p=0.1375). On extinction sessions (Fig 2I3, E1 -E5 on day 11-15) during which neither reward nor operant cue (cue light off) were presented, both Tmod2 KO and WT exhibited a comparable, rapid decline in the number of lever presses that was previously paired with reward indicating that extinction-induced associative learning is intact in both the genotypes (Fig 2I3, Rebound of behavior directed towards active lever with one single reinstatement session was also comparable between Tmod2 KO and WT mice ( Fig 2I3, R1, day 16 , Sidak's post hoc test, p=0.79). Thus, as shown previously, Tmod2 KO mice have a deficit in learning (32) . However given enough time and trials, Tmod2 KO mice learn an operant tasks. In trials with food reward, Tmod2 KO mice were indistinguishable from WT mice from day 7, whereas with cocaine as a reinforcement Tmod2 KO failed to learn even after 24 day trial, which leads us to conclude that there is a deficit in cocaine-induced reward learning in Tmod2 KO mice.
Reduced brain volume and absence of differentially coexpressed transcripts
Since neuron-specific TMOD2 regulates actin stabilization and plays an important role in dendritic arborization, and synapse formation (27, 28) , we investigated if regional and gross morphological changes are seen in Tmod2 KO brains. We carried out MRI analysis, a well-established diagnostic and translational tool in clinical and preclinical research, and discovered that whole-brain volume is significantly decreased in Tmod2 KO relative to the WT mice ( Fig 3A-B, -8 .8%, p=1.5×10 -9 ). The extent of volume loss appears to be greater in white matter, as the overall changes for gray and white matter were -8.2% (p=4×10 -9 ) and -14.7% (p=7×10 -12 ) respectively ( Fig 3A) . The volumes of 182 structures (using combined left-right volumes) were computed for all animals. While the 20-25% decrease in body weight in 10-11 week-old Tmod2 KO ( Fig 1F) may explain some of this change, proportional weight change is not generally a predictor of proportional brain volume change in adult rodents (57, 58) .
For the absolute volume analysis, a total of 109 structures were observed to be significantly different for the Tmod2 KO mice (q<0.05), all but one of which were volume decreases. Prominent changes included regions of the cerebellum, much of the cortex, the corpus callosum, the thalamus, the hippocampus, and, with relevance to the mesolimbic system, the striatum and midbrain (summarized in Supplemental Table   S2 ). However, given the overall difference in brain size, we also normalized results by expressing structure volume as a percentage of whole-brain volume, and then comparing results. A total of 39 brain structures showed a significant difference in relative volume ( Fig 3B) . Several of the regions decreased in absolute size were still observed to be decreased in this analysis, especially the white matter regions (Fig 3B, 3C blue bars), but several structures also appeared relatively larger ( Fig 3B, 3C red bars) , including the hypothalamus, olfactory bulbs, nucleus accumbens and basal forebrain.
We next, attempted to detect any molecular differences that may have resulted from the deletion of Tmod2 gene. Specifically, we hypothesized differences in cell type constituency, cell loss, neuroinflammation, neurodegeneration, or general developmental deficits that may be cell-type specific and thus, would lead to changes in gene co-expression networks that could be detected by monitoring of genome-wide gene expression (59, 60) . We carried out RNAseq analysis from striatum and cortex of naïve adult mice (3M/3F) for Tmod2 KO and WT animals. A PolyA enriched RNA sequencing library was generated at a depth of 40-50 million reads. Data were analyzed using BioJupies (61) . As expected, we detected a clear difference in Tmod2 RNA levels in both tissues (Fig 3D, FDR<0 .05, q=0.005 and 0.002 in cortex and striatum, respectively). Unexpectedly, we observed very few other genes that were significantly misregulated (Supplemental Table S3 ). As a control analysis, we compared striatum and cortex gene expression in WT animals and found over 7439 genes ( Supplemental Table S3 ) that were differentially expressed in these regions ( Fig 3E, FDR<0 .05). These genomics results indicate that there are no changes in gene coexpression networks that are detectable using bulk RNAseq analysis given our power. Thus, even though Tmod2 KO have emotionality phenotypes associated with changes in brain volume, the transcriptomic analysis indicates a neural system that, for the most part, has a normal constituency. This led us to hypothesize that the observed behavioral changes are due to functional differences that may be detectable using electrophysiological methods.
Enhanced cortical excitability during development and adulthood
Since TMOD2 regulates dendritic arborization (27, 62) , synapse density and maturation, and synaptic plasticity (11, 27, 28) , we hypothesized that the firing properties of neurons might be modified due to altered synaptic connectivity. To test this, we harvested cortical cells from P0-P1 pups and quantified the spontaneous firing features of cultured neurons on MEA plates. We also tested the effect of GABA-A receptor and AMPA receptor antagonism on spontaneous activity ( Fig 4B) . MEA captures in vitro realtime electrophysiological activity and interconnectivity between cultured neurons permitting recreation of complex firing patterns and detection of deficits in a high-throughput fashion. Tmod2 protein expression was detected in the rat brain as early as embryonic day 14 (E14) and attained adult-level expression by E19 (30) . Embryo imaging data collected on Tmod2 KO by KOMP phenotyping reveals robust, nervous systemspecific LacZ expression driven by the Tmod2 promoter at E12.5 ( Fig 4A) . This early developmental expression of Tmod2 in mouse embryos suggests a critical function that could be compromised in Tmod2 KO. Tmod2 KO cortical neurons discharged at a higher frequency in a drug-free condition ( Fig 4C-E1, t=3.547, p=0.0045). Picrotoxin, a potent GABA-A receptor blocker, failed to affect the firing rate in Tmod2 KO cultures, whereas WT neurons respond with a three-fold change in firing rate ( Fig 4E2, t=2 .899, p=0.0327). This could be due to fewer functional, membrane-bound GABA-A receptors in Tmod2 KO neurons or the absence of presynaptic GABAergic innervations or both. Absence or decrease in inhibitory tone to cultured neurons could also explain increased firing rate in Tmod2 KO cortical cultures. Similarly, Tmod2 KO neurons produce significantly more bursts in the drug-free baseline condition (Fig 4F1, t=4 .392, p=0.0011). Picrotoxin application resulted in an eight-fold increase in burst number in WT neurons and has no effect on Tmod2 KO neurons suggesting altered GABA receptor availability or GABAergic synapses or both ( Fig 4F2, t=4 .538, 0.0094). NBQX application prevents bursting in WT cortical neurons while the Tmod2 KO neurons showed a similar tendency, but did not reach our statistical cutoff (Fig 4F2, t=2 .391, p=0.0863). Synchronicity among cultured neurons to fire simultaneously is significantly elevated in Tmod2 KO neurons (Fig 4G1, t=5.133, p=0 .0003). PTX application resulted in a four-fold increase in firing synchronization of WT cortical neurons and had no effect on Tmod2 KO neurons ( Fig 4G2, t=4 .947, p=0.003). As anticipated, NBQX application mitigates the synchrony index in WT neurons but not in Tmod2 KO (Fig 4G2, t=3.16, p=0 .0134). These results clearly demonstrate that Tmod2 KO neurons in culture exhibit enhanced cortical excitability along with modified excitation/inhibition ratio during early developmental stages.
To test whether neuronal excitability seen in early postnatal neurons persists in adult Tmod2 KO, we compared intrinsic properties of prelimbic cortical (Fig 4H1-5 ) and accumbens shell neurons ( Fig 4I1-5 ) in KO and WT using whole-cell recording in acute brain slices. Naïve mice were sacrificed and brain slices containing prelimbic and accumbens region neurons were recorded. Tmod2 KO cortical neurons fired more action potential spikes in response to depolarizing current steps than WT neurons (Fig 4H1-2) . Tmod2 KO neurons showed slightly higher resting membrane potentials than WT neurons ( Fig 4H3) , but no change in input resistance or whole cell capacitance ( Fig. 4H4-H5 ). The action potential threshold (39.51 ± 0.46 mV in WT and -38.6 ± 0.53 in Tmod2 KO; Supplementary figure S3A1 ) and after-hyperpolarization amplitude (12.11 ± 0.62 mV in WT and 13.48 ± 0.76 mV in Tmod2 KO; Supplementary figure S3A2) are statistically comparable between genotypes indicating functional similarity of voltage-gated sodium channels and potassium channels. Tmod2 KO accumbens shell neurons are also more excitable than WT ( Fig 4I1-2 ), but no change in resting membrane potential was observed ( Fig 4I3) . The input resistance is slightly higher in Tmod2 KO neurons ( Fig 4I4) , and whole cell capacitance is comparable between both genotypes ( Fig 4I5) . 
Distinct naïve and cocaine-induced synaptic properties
Action-potential independent, spontaneous release of neurotransmitters from presynaptic neurons and measurement of the miniature excitatory or inhibitory postsynaptic currents is a standard method to assess the baseline and drug-induced alteration in synaptic coupling between neurons. Non-contingent cocaine administration induces widespread modifications of synaptic properties in reward-related brain regions, triggering maladaptive reward learning (1) . These synaptic alterations have been extensively characterized in nucleus accumbens and establish both effect and causality of cocaine abuse (1) . Tmod2 KO mice have an attenuated locomotor sensitization response to repeated cocaine administration and perform poorly in an IVSA paradigm. We hypothesized that drug-induced synaptic changes are either missing or weak in Tmod2 KO resulting in a drug-resistant phenotype. Mice were either treated with a once-daily injection of saline or cocaine for 5 consecutive days, sacrificed following 2-5 day of abstinence and brain slices containing accumbens region neurons were recorded ( Fig 5B) . We compared mEPSC ( Fig 5C1) and mIPSC ( Fig 5D1) in medium spiny projection neurons of accumbens shell (Fig 5A) in drug-naïve (saline injected) and drugexperienced (cocaine injected) mice using ex vivo whole-cell recording in brain slices. Mean amplitude of mEPSCs is significantly elevated in naïve Tmod2 KO compared with naïve WT neurons ( Fig 5C2) , which suggests an increased number or function of AMPA receptors on patched accumbens neurons (63) . Cocaine treatment increases mEPSC frequency in WT but not Tmod2 KO neurons ( Fig 5B3) , and suggests that repeated cocaine exposure fails to induce synaptic changes typically associated with chronic cocaine exposure (64) . No significant effect of treatment or genotype was observed in either mEPSC rise or decay time which indicates a lack of alterations in the postsynaptic properties of AMPA receptors (Fig 5C4-C5) .
Medium spiny neurons of accumbens shell receive inhibitory afferents from local interneurons, cortex and VTA (65, 66) . There is no change in mIPSC amplitude in WT and KO with or without drug exposure ( Fig   5D2) . However, mIPSC frequency is higher in naïve KO neurons than naïve WT neurons, and cocaine exposure increases mIPSC frequency in KO but not WT neurons ( Fig 5D3) . Elevated mIPSC frequency in Tmod2 KO could be a neurophysiological homeostatic adaptation to compensate for increased excitability of accumbens shell neurons due to modified intrinsic and excitatory synaptic properties (67) . Rise and decay time of mIPSCs are not different in WT and KO and unaffected by cocaine exposure (Fig 5D4-D5) .
Combined, investigation of synaptic properties indicates preexisting and drug-induced differences in excitatory pre-and post-synaptic neurotransmission, along with augmented presynaptic inhibitory neurotransmission. These data provide a mechanistic underpinning for the lack of sensitization and acquisition in the IVSA paradigm.
Discussion
Our work describes a critical role for Tmod2 in drug-induced behavioral sensitization and voluntary drug intake. Tmod2 has been weakly linked to risky drug use in humans and its gene expression and protein levels are dynamic upon drug exposure in animal models (35) (36) (37) (38) (39) (40) (41) . We provide addiction relevant behavioral data that Tmod2 regulates cocaine-induced locomotor sensitization and voluntary self-administration of cocaine, but not acute locomotor activation to cocaine. Tmod2 mediates dendritic branching, spine maturation and density, and synaptic plasticity; the key components of experience-induced learning and memory including addiction (27, 28, 32) . Concordantly, we find that drug-induced plasticity is affected in these knockouts with the deletion of Tmod2 leading to an imbalance of excitatory and inhibitory signaling as well as compromised synaptic plasticity in the mesolimbic reward circuit. Combined, the behavioral and electrophysiological data indicate neuromodulations that mediate transition to addiction are compromised in the absence of Tmod2.
Structural and functional plasticity of synapses are the fundamental mechanisms that underlie addiction even though the role of actin in this process remains controversial (2, 8, 20) . Acute or chronic cocaine exposure, as well as abstinence, facilitates dendritic spine outgrowth and spine density in reward-related brain regions such as prefrontal cortex and nucleus accumbens (23, 64, 68) . Our previous study established a role of Cyfip2, a component of the WAVE regulatory complex that mediates branched actin formation in cocaine responses. We demonstrated that a Cyfip2 mutation that exists in certain C57BL/6 substrains leads to altered acute and sensitized responses to cocaine (13) . The role of actin-regulating Tmod2 in addiction related behaviors has previously been unclear. Here we report that Tmod2 KO mice exhibit endophenotypes that are predictive of addiction, but surprisingly exhibit resistance to drug-induced behaviors and associated neuroadaptations. Typically, hyperactivity, novelty-reactivity, anxiety, and risk-taking behaviors are associated with increased risk of addiction liability in humans and animal models (43, 69) . However, the lack of Tmod2 seems to be protective, potentially due to modifications in intrinsic and synaptic properties of reward regions that regulate reward learning (70, 71) . In animal models, preexisting excitability or optogenetic stimulation of prefrontal cortex, and deep brain stimulation of accumbens shell but not core 20 attenuates cocaine-induced behaviors (72) (73) (74) (75) . It is intriguing to speculate that the hyperexcitability of prefrontal cortex and ventral striatum neurons that we observed in Tmod2 mutants may actively resist the cocaine-induced depression of these regions, thereby masking the maladaptive behavioral effects of cocaine. Basal and cocaine-induced changes in synaptic properties of accumbens neurons are also perturbed in Tmod2 KO. Specifically, an elevated basal amplitude of excitatory glutamatergic synapses and unaffected release probability from presynaptic neurons in Tmod2 KO striatal neurons demonstrate altered AMPA receptor number or function, and absence of cocaine-induced presynaptic plasticity (76, 77) .
Similarly, accumbens shell neurons exhibit modified, drug-independent inhibitory presynaptic responses that is further amplified by chronic drug exposure. Although drug-induced excitatory synaptic events are well characterized in nucleus accumbens, little is known about inhibitory synapses and how they respond to repeated cocaine challenge. Previous reports suggest an absence or decrease in the postsynaptic and presynaptic strengthening of inhibitory neurotransmission following cocaine exposure (77) . Although available literature is biased towards the role of TMOD2 in the postsynaptic dendritic compartment, our study clearly shows presynaptic effects on neurotransmission that leads to frequency modulation in excitatory and inhibitory synapses. Interestingly, the acute locomotor response to cocaine is not affected in Tmod2 KO and argues that the basal ganglia circuit, which regulates drug-induced locomotor activation, is not perturbed (78) .
Recent human GWAS studies link Tmod2 variants with intellectual disability (33) and intelligence (34) , and suggest an important role of Tmod2 gene in influencing normal cognitive functions in human. Operant learning, as accessed by operant cocaine and food self-administration, is a form of associative learning that is dependent on various brain regions including nucleus accumbens and hippocampus (79, 80) . Tmod2 KO shows deficits in associative learning with delayed performance in operant conditioning, but no deficits in motor learning as determined by the rotarod assay. In addition, KO mice show enhanced non-associative learning which is demonstrated by enhanced habituation of hyperactivity and anxiety measures in the open field. Thus, there is specificity in the type of learning that is regulated by Tmod2.
Since Tmod2 regulates actin function (31), we tested the mutants for structural anomalies of the brain using MRI. We found a ~9% reduction of total brain volume, with 60% of the structures evaluated across the brain affected. However, after correction for differences in whole brain size (accounting for global volume differences), a smaller number of key structural differences were isolated: (1) decreased volumes across a number of regions notably including white matter structures and the thalamus; and (2) volume increases over a number of regions including the basal forebrain and the nucleus accumbens. Comparable human MRI studies of addiction include reports of a number of morphological or microstructural changes related to the regions identified in the Tmod2 KO mice. For example, decreased fractional anisotropy, indicates abnormality in the white matter, and has been reported in the frontal white matter (81) and in the corpus callosum (82) of cocaine-dependent individuals. The thalamus, frequently linked to addiction, has also been studied frequently, but morphological findings are inconsistent, with volume increases, decreases or no change reported (83) . More consistent findings have been observed in the nucleus accumbens, where decreased volumes have been identified in crack-cocaine users (83) and increased volumes are associated with the duration of abstinence (from alcohol, cannabis, and/or cocaine) in former users (84) . It remains unclear in these human studies, however, whether the morphological findings predate or emerge after substance use. Given that the Tmod2 KO mice evaluated by MRI in this study were cocaine naïve, it is difficult to relate the morphological findings directly to human observations. Although we did not perform measurements of fractional anisotropy in this work, the smaller white matter volumes in the Tmod2 KO mice may be inconsistent with changes observed in humans, in which microstructural changes evident in fractional anisotropy were linked with drug use. On the other hand, the larger relative volume of the nucleus accumbens in Tmod2 KO mice, and the corresponding reduced IVSA, appears consistent with the expectations from human findings that an increased accumbens volume would be associated with a reduced addiction phenotype (84) . Of course, the morphological changes observed in the Tmod2 KO mice represent the net result of a complex developmental process, including influences of altered synapse formation and/or function. Thus, like the behavioral phenotype, morphological changes may be secondary to other 22 dysfunctional cellular processes. The complex interplay of these interactions is an ongoing topic in neurodevelopmental research.
The neuronal restriction of Tmod2 expression combined with its functional role in regulating cocaine intake could potentially be harnessed as a pharmacotherapy for addiction-related behaviors. Recently, non-muscle myosin IIB which regulates synaptic actin polymerization has been proposed as a potential therapeutic target for treatment of methamphetamine addiction, but was found to be ineffective against cocaine or morphine associated contextual memory (21, 85) . Our behavioral and electrophysiology data argues that Tmod2 has a protective role in transition to addiction, perhaps through regulation of basal or drug induced balance of excitatory and inhibitory networks. The impairment in cocaine-based reward learning but no deficits in motor learning or non-associative learning, indicates specificity of TMOD2 function. Future studies with cell type and temporally specific Tmod2 knockouts are required to tease apart this specificity and to address the developmental role of TMOD2 in the reward circuit. The current findings combined with our previous results (13) emphasize the advantage of unbiased forward genetic approaches to studying addiction-related behavior. [11] [12] [13] [14] [15] and reinstatement (R1 on day 16) of reward behavior. Error bar represents SEM. ns, not significant. *Bonferroni's multiple comparison post hoc test detected significant differences (p<0.01) between WT and KO mice. ***main effect of genotype detected using 2way ANOVA (F10, 1100) = 25.10, p<0.0001). # Significant difference between inactive and active lever press within same genotype (p<0.01). Figure 5 
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